The effects of particle surface contamination and of the prior particle boundary on the microstructure and mechanical properties of hot-isostatic-pressed IN718 alloy were investigated in this study. A thermal-plasma-droplet-re ning technique was conducted to reduce the surface contamination; i.e., oxygen and carbon contents in the gas-atomized IN718 powder. The tensile ductility of hot-isostatic-pressed materials was comparable to those of conventionally wrought materials at room temperature and at 650 C. At 650 C, the hot-isostatic-pressed and heat-treated specimens exhibited worse ductility than the conventionally wrought specimen because of the increased number of brittle precipitates, such as oxides, oxy-carbides and δ phases in the heat-treated specimens. The process of crack nucleation and propagation along the prior particle boundary will take place more easily at high temperatures.
Introduction
IN718 superalloy is widely used in gas turbine and related aerospace applications due to its excellent mechanical properties and structural stability at elevated temperatures [1] [2] [3] . However, macro segregation occurs in the conventional ingot metallurgy route due to the complex chemistry and high alloying content of nickel-based superalloys [4] [5] [6] . Hence, a powder metallurgy technology which eliminates the above-mentioned problems and manufactures net-shaped components with a homogeneous microstructure and improved mechanical properties was developed 7) . In the present study, the typical technique of hot isostatic pressing (HIP) was used to produce monolithic components with near theoretical density and isotropic properties for further processing 8) . IN718 powders are typically fabricated by the vacuum induction melting and ltering of high-purity raw materials followed by inert gas atomization. The presence of elements with high oxygen af nities in superalloys results in a prior particle boundary (PPB) in the consolidated product. PPBs are known to have detrimental effects on the mechanical properties of HIPed components [9] [10] [11] . Since the precipitates along the PPB are brittle and thus provide an easy fracture path, the undesirable effects of PPBs have been focused on because they limit the application of such consolidated products in HIPed compacts 12) . To extend the life of such products in applications in the aerospace industry, it is important to develop methods to control the PPB effect in HIP components. Since the PPB is induced by oxygen and carbon contamination, particles such as oxides, carbides, oxy-carbides or oxycarbonitrides are formed along the PPB [13] [14] [15] . These precipitations localized along the PPB are more likely to increase as the oxygen and carbon contents in the surface contaminants in pre-alloyed powders increase. It is generally believed that reductions in the oxygen, nitrogen and carbon content lead to reductions in PPBs and improvements in mechanical properties 16) . Therefore, the thermal plasma droplet re ning (PDR) technique was adopted to reduce the surface contamination, i.e., the oxygen, nitrogen, and carbon contents, in the gas-atomized powder in the present study. The current study aimed to clarify the effects of powder surface contamination and PPB on the microstructure and mechanical properties of HIPed IN718 alloy.
Materials and Experimental Procedures
The abbreviations used in this paper and their complete expressions are summarized in a table in the appendix. The prealloyed IN718 superalloy powder was prepared by vacuum melting and atomized into powders using the gas-atomizing method. The actual chemical composition of IN718 powder is shown in Table 1 . The PDR treatment is known to capable of reducing impurities in refractory-metals powder 17, 18) . The PDR technique was performed to reduce the oxygen and carbon contents in the gas-atomized IN718 powder. The high-frequency thermal plasma was used to superheat the powder during the process. This process is based on the principle of surface tension in the droplets and on the evaporation of impurities from the powder to obtain a high-purity spherical powder, as shown in Fig. 1 . The minor elements in the particles before and after the PDR process are indicated in Table 2. The powders were placed in SUS304 stainless steel capsules for HIP at a soaking temperature of 1180 C and a pressure of 175 MPa for 4 hours. After the HIP process, the as-HIPed specimens were heat-treated with two heat treatments: (1) solution treatment, involving heat treatment at 980 C for 1 h and air cooling (AC) to room temperature; (2) solution treatment and aging (STA) treatment, involving a solution treatment at 980 C for 1 h and AC to room temperature and a two-step aging treatment at 718 C for 8 h, furnace cooling to 621 C, and holding at 621 C for 10 h before AC to room temperature. Tensile test specimens were cut from the HIPed ingots using a spark cutter, and the gage length of each was 19.6 × 2.8 × 3.0 mm. The tensile tests were carried out at room temperature (25 C) and at 650 C under strain rates of 4.25 × 10
. The microstructures were observed by an optical microscope, scanning electron microscope (SEM), and transmission electron microscope (TEM). Inverse pole g-ures (IPF) were calculated from the orientation measurements by electron backscatter diffraction (EBSD).
Results

Properties of IN718 powders
The surface-contamination impurities of the powder before and after the PDR process are indicated in Table 2 . PDR reduced the oxygen content from 360 ppm to 232 ppm. The carbon content of the gas-atomized powder was 253 ppm, while the PDR powder had approximately half the carbon content of the gas-atomized powder. Both IN718 powders (gas-atomized and PDR) used for HIP bonding typically comprised spherical particles, both with ner and broad particle size distributions less than 60 μm (Fig. 2) , which would provide high packing density and reduce the percentage of voids 19, 20) . Figure 3 shows the microstructure of the HIPed specimens using gas-atomized and PDR powders. It was noted that clearly continuous precipitates were localized along the PPB in the specimen using gas-atomized powder, as shown in Fig. 3(a) . The precipitates on the surface of the gas-atomized powder are mainly oxides ( Fig. 4(a) and Fig. 4(c) ). Al, which easily reacts with oxygen, was found to be the major metallic element in an oxide layer of Al 2 O 3 ( Fig. 4(a) ). By contrast, in the as-HIPed specimen using PDR powder, as shown in Fig. 3(b) , the precipitations along the PPB were not continuously distributed and were obviously smaller compared to the as-HIPed specimen using gas-atomized powder. These precipitates in the as-HIPed specimen using PDR powder were found to be rich in Al and O, and so would be considered . Furthermore, a reduction of oxides of Nb and Ti along the PPB was found in the as-HIPed specimen using PDR powder.
Microstructures of as-HIPed specimens
In uence of the heat treatment
The microstructure of the specimen after heat treatment is shown in Fig. 5 . The γ and γ phases formed throughout the entire microstructure were observed (Fig. 5(d) ). Ni-base alloys contain Nb, which promotes the formation of the stoichiometric γ -Ni 3 Nb phase, which coheres with the austenite matrix. It was also noted that needle-shaped δ phases were formed in solution-treatment-and-aged (STA) specimens due to the solution treatment at the δ-subsolvus temperature of 980 C in the heat-treatment process (Fig. 5(c) ). IPF maps of the HIP+STA specimen using gas-atomized powder are shown in Fig. 6 by means of EBSD. The equiaxed-grains structure can be observed both before and after the heat treatment (Fig. 6) . The average grain sizes of the HIP+STA and cast and wrought specimens are listed in Table 3 . Moreover, the previous oxides would promote the subsequent precipitation of carbides since speci c oxides act as nuclei for the formation of MC-type carbides or M 23 C 6 -type carbides along the PPB (Fig. 5(a) ). During the heat treatment process, titanium and carbon within the powder would migrate to the speci c oxides on the particle surfaces, resulting in the formation of stable titanium oxy-carbides along the PPB 21) . These platelike carbides or needle-shaped δ phases (Fig. 5 ) generally would have a negative effect on alloy performance.
Mechanical properties of HIP specimens
The stress-strain curves at room temperature are shown in Fig. 7 . The tensile properties at room temperature and 650 C are listed in Tables 4 and 5 , respectively. At room temperature, the tensile strengths of the as-HIPed specimen using PDR powder were slightly lower than those of the as-HIPed specimen using gas-atomized powder, while the ductility was higher. The improvement in the ductility of the as-HIPed specimen using PDR powder can be attributed to their lower oxygen content and the lower number of precipitates along the PPB. The proof and tensile strength of the STA specimens were increased signi cantly compared to the as-HIPed specimens (Table 4 ). The principal strengthening phase in IN718 is the γ precipitate that promotes the strength of heat-treated materials ( Fig. 5(d) ). The ductility of heat-treated materials at room temperature is attributed to the ne dimples present on the fracture surface. In was also noted that a mixed fracture surface consisting of ne dimples and a few particle boundary facets was observed in the STA specimen using gas-atomized powder ( Fig. 8(a) ). The strengths of the STA specimens were comparable to those of the conventionally wrought specimens both at room temperature and 650 C, as shown in Table 4 and Table 5 ; however, the ductility of the STA specimens was much lower than that of the conventionally wrought specimens at 650 C (Table 5 ). In particular, the STA specimen using gas-atomized powder exhibited only one-tenth of the ductility of the cast and wrought specimen at 650 C ( Table 5 ). The fracture surfaces were observed along the entire length of the PPB (Fig. 8 ).
Discussion
PPB formation
Precipitate were localized along the PPB both in gas-atomized and PDR specimens, as shown in Figure 3 . These precipitates were mainly oxides (Fig. 4) . The presence of elements with high oxygen af nities in superalloys would bring about highly stable oxides along the powder surface, or so-called PPB, in the consolidated products. The PPB has detrimental effects on the mechanical properties of HIPed compacts. The Gibbs energies for the oxides can be listed in the following order, from smallest to largest: Al, Ti, Nb, Cr, Mo, Co, and Ni. In other words, if the amount of oxygen is limited, the formation of Al 2 O 3 and TiO 2 was expected to occur rst, before the other elements could be oxidized 22) , as shown in Figs. 4(a) and 4(b). With the increased oxygen level in the gas-atomized specimen, the number and size of PPBs became larger and they became more continuously distributed. Moreover, the variety and chemical content of the PPBs became even more complicated (Fig. 4(a) ).
The reduction of precipitates along the PPB in the specimen using the PDR powder can be explained as follows. With the use of inert gas atomization for gas-atomized powder, oxidation may lead to a thin oxide lm which easily aids the subsequent formation of oxide and oxy-carbides on the particle surface 23, 24) (Fig. 5(a) ); secondly, it is generally believed that precipitates along the PPB are more likely to form with the increased oxygen and carbon contents of the surface contamination of the pre-alloyed powders 10) . The decreased oxygen and carbon contents in the PDR powder would lead to a decreased number and decrease in the size of the precipitates on the powder particle surface. In contrast, the precipitates along the PPB became coarser and more continuously distributed in the as-HIPed specimen using gas-atomized powder ( Fig. 3(a) ) 25) . That is, the reduction in the carbon content and oxide lm halted the initial formation of precipitates along the PPB in the HIPed specimen using PDR powder. These oxides along the PPB would promote the subsequent precipitation of carbides, i.e., MC-type carbides or M 23 C 6 -type carbides, along the PPB (Fig. 5) . These speci c oxides can act as heterogeneous nuclei sites, which have a very strong effect on the nucleation and growth behavior of the carbide 26) . During the following heat-treatment process, carbide-forming elements within the powder would migrate to the speci c oxides of the particle surfaces and result in stable oxy-carbides on the PPB 21) . The carbides would grow during the STA process because there was suf cient diffusion time and temperature to obtain the required carbide-forming elements (Fig. 5(a)  and 5(b) ).
Mechanical properties of HIPed specimens at room
temperature The tensile strengths of as-HIPed specimens were lower than those of the cast and wrought specimen due to the lack of strengthening precipitations, while the ductility of these specimens was higher ( Table 4 ). The tensile strengths of the as-HIPed specimen using gas-atomized powder were slightly higher than those of the as-HIPed specimen using PDR pow- Table 3 Average grain size of IN718 alloys (μm).
Specimen
Average grain size (μm)
As-HIPed specimen using GA powder 8.8
As-HIPed specimen using PDR powder 8.2
STA specimen using GA powder 8.4
STA specimen using PDR powder 7.0 Wrought+STA 30 Table 4 Tensile properties at the room temperature. der (Table 4) . PPB might have a precipitation-hardening effect because the as-HIPed specimen using gas-atomized powder contained much more PPB than the as-HIPed specimen using PDR powder (Fig. 3) . The ductility of the as-HIPed specimen using PDR powder was higher than that of the asHIPed specimen using gas-atomized powder because of the reduction of precipitates along the PPB in the as-HIPed specimen using PDR powder (Fig. 3) . The subsequent STA process signi cantly improved the proof and tensile strengths of the STA specimens due to the extensive precipitation in the strengthening phase ( Fig. 5(d) ). The similar grain size (Table 3) and extensive precipitation in the strengthening phase between the STA specimens using gas-atomized and PDR powders led to their having comparable tensile properties at room temperature (Table 4 ). The mechanical properties of the STA specimens were found to be better due to their smaller grain size compared to the wrought specimens. The experimental results showed that a mixed fracture surface consisting of ne dimples and few particle boundary facets was observed in the STA specimens ( Fig. 8(a) and 8(b) ). These particle boundary facets may have been caused by precipitates along the PPB, which affect the tensile properties at room temperature.
The effects of PPB on the mechanical properties of
HIPed specimens at 650 C The as-HIPed specimen using PDR powder showed better ductility than the as-HIPed specimen using gas-atomized powder (Table 5 ) due to the reduction of precipitations along the PPB. How the precipitates along the PPB decreased the ductility of the as-HIPed specimens at 650 C can be explained as follows. The degree of brittleness of a material is intimately connected with the relaxation process that occurs at the crack-tip. When hard non-metallic particles, such as carbides or precipitates along the PPB, which tend to lead to interface decohesion, are dispersed in HIPed superalloys 27) , the process of crack nucleation at the grain boundary takes place more easily at 650 C. Due to the interface between incoherent particles and matrix, the interface becomes a preferred site for crack initiation 28) . Furthermore, these brittle particles do not permit enough relaxation at the tip of the crack as a result of dislocation slip so that the relaxation process that occurs in crack nucleation is limited 27) . The crack begins to propagate rapidly when the stress reaches a critical value. The presence and speci c location of the precipitates along the PPB contribute to the poor ductility of the as-HIPed specimens at 650 C.
Interestingly, the STA specimen using PDR powder exhibited only 1.94% ductility at 650 C even though the number of PPBs decreased (Table 5 ). The fact that the STA specimens exhibited poor ductility compared to the C&W specimen could be explained as follows. The γ phase is only metastable and will be replaced by the incoherent δ phase with the same Ni 3 Nb composition above 750 C. As the temperature increases, the coherent relationship between γ and γ could be lost with the coarsening of precipitates and the conversion reaction of γ/γ → δ would accelerate 29) . The δ phase grows into a needle-like phase (Fig. 5(c) ) during the STA process. The change in the morphology of the acicular δ phase is attributable to the solution treatment at the δ-subsolvus temperature of 980 C in the STA process 30) . The needle-shaped and brittle δ phase is generally undesirable due to its adverse effect on mechanical properties 31) . As the volume fraction of the δ phase in the microstructure increases, the ductility decreases and can lead to δ-phase embrittlement 30, 31) along the PPB (Fig. 8) . Moreover, the previous oxides along the PPB would promote the subsequent precipitation of carbides along the PPB (Fig. 5) . During the heat-treatment process, carbide-forming elements within the powder would migrate to the speci c oxides of particle surfaces, resulting in stable oxy-carbides on the PPB 21) . The carbides would grow during the STA process if there were suf cient diffusion time and a suf cient temperature to obtain the required carbide-forming elements ( Fig. 5(a) and 5(b) ). These script-like carbides or needle-shaped δ phases generally would have a negative effect on alloy performance.
The STA specimen exhibited poor high-temperature ductility compared to the C&W specimen due to the combined effect of (1) δ-phase embrittlement and (2) the precipitates along the PPB which supply script-like carbides.
Conclusions
The following conclusions can be drawn from this work: (1) A clearly continuous precipitates were localized along the PPB of as-HIPed gas-atomized powder, while discontinuously distributed precipitates along the PPB were observed in the as-HIPed specimen using PDR powder. (2) The reduction in the carbon content and oxide lm halted the initial formation of precipitates along the PPB in PDR specimens. (3) Regardless of the surface contamination of specimens, the strengths of the STA specimen were comparable to those of the wrought specimen both at room temperature and 650 C; however, the ductility of the STA specimen was much lower than those of the conventionally wrought specimen at 650 C due to the presence of the δ phases and the precipitates along the PPB. (4) The increased number of brittle precipitates, such as oxy-carbides or δ phases, tend to lead to interface decohesion and result in poor ductility at 650 C. 
